The effect of heat treatment and thermomechanical processing on size, size distribution, distribution and chemistry of non-metallic inclusions in a continuously cast high carbon steel was investigated using a Gleeble hot compression simulator at temperatures of 1050 and 1150°C and strains of 0.3 and 0.7 at strain rate 1/sec. The results showed that the total number of inclusions classified into three main types, namely sulphide, oxide and duplex, was reduced after the deformation at high temperature. Inclusions of different size and chemistry were found being present in different locations of the bloom and which was related with micro-segregation in the as-cast bloom. This suggested that inclusions were influenced by solidification conditions and sub-solidus homogenisation.
INTRODUCTION
Non-metallic inclusions, in particular oxides, even when present at small volume fractions, can affect the mechanical properties of steels. There are two major groups of non-metallic inclusions in steel, namely sulphides and oxides 1 and the latter can include duplex type inclusions, for example oxide/sulphide ones 2 in which different oxides are surrounded by sulphide. Inclusions are also classified as indigenous and exogenous according to their mechanism of formation. Indigenous types, which themselves are classified as primary and secondary, are formed either as a result of reactions in the liquid melt and precipitation before solidification or precipitation from the steel during cooling and solidification. In contrast, exogenous inclusions, which are mainly oxides, are those formed as a result of erosion or corrosion of different materials such as refractories and slags; these, are sometimes defined as 2 and AAM) with specimens taken from different depths into the bloom (DE, DM and EE, EM respectively 30-35 mm and 140 mm below the surface).
The cast specimens were prepared according to standard metallographic procedures for light microscopy and SEM-EDS study.
Following characterisation of the inclusions in the cast steel using an automated FEI Quanta FEG-SEM equipped with EDAX Genesis EDS (Ref.
2) the same specimens were subjected to compressive deformation using a Gleeble 3800 Thermomechanical Simulator at two different temperatures of 1050 and 1150°C with strains of 0.3 and 0.7. The deformation parameters were as follows: heating for 2 minutes, holding for 30 seconds, deforming at strain rate of 1 /s and finally cooling with a rate of 20°C/sec. It should be noted that one specimen taken from sub-surface was only exposed to 1150°C (Table 1) . After hot deformation, the inclusions in the deformed specimens were analysed using the same automated SEM technique and manually using a JEOL 6400 SEM equipped with INCA EDS. Table 1 summarises the studied materials, conditions and the studied areas. In the automated analyses the data was collected with X2700 magnification and covered 475 adjacent fields of 100 x 78.3 μm 2 over a 2 x 2 mm 2 area. In the manual data collection, the magnification and studied area varied depending on the size of inclusions and were respectively X1000 to X5000 and 2.3 to 14.5 mm 2 .
Three main types of inclusions were observed in the cast steel, namely sulphides, oxides and duplex inclusions (mainly cores of Al 2 O 3 , or SiO 2 surrounded by MnS) (Ref. 2) . To classify the oxide inclusion types, two different methods were used based on the data collection techniques. In automated microscopy oxides and sulphide inclusions were distinguished according to their grey level threshold; for the duplex inclusions further manual work was required to differentiate them according to their recorded coordinates in the specimen (e.g. if for two different types of inclusions, sulphide and oxide, the same coordinate was recorded, then those inclusions corresponding to that coordinate would be classified as one duplex inclusion); in manual microscopic characterisation the inclusions were classified according to their chemical compositions determined by EDS.
RESULTS and DISCUSSION

Characterisation of oxide type inclusions
The inclusions present in the cast steel were MnS, oxides (the majority of oxides contained more than one oxide component) and duplex oxide/sulphide inclusions 2 . In this work, the study of the inclusions in the deformed steel focused on oxides and duplex inclusions. The oxide inclusion types were divided into thirteen sub-groups, Figure 2 shows inclusions in deformed specimens taken from different areas of the bloom. Figure 3 shows evidence for phase transformations in inclusions, which could include crystallisation of glassy inclusions. Using the above classification, Figure 4 shows the percentages of different oxide inclusion types in different areas of the cast and deformed steel and Figure 5 includes this data for the heat treated specimen. Figure 4 shows that the percentage of Mn silicate was reduced after hot deformation. In specimens taken from the sub-surface area this reduction was compensated by an increase in high silica and others; whereas in specimens taken from 30 mm below the surface and the bulk there was increase in the percentages of pseudo-wollastonite and 20% alumina valley. These changes were accompanied by changes in the content of Mn silicate constituents in specimens taken from different areas of the bloom that led to changes of the MnO to SiO 2 ratio in Mn silicates and to changes of the Al 2 O 3 and CaO content, which are presented in figures 6 to 7.
Figures 6 to 7 show ternary SiO 2 , Al 2 O 3 , RO (RO = the remaining components mainly MgO-CaO-MnO-TiO 2 -K 2 O) diagrams for different areas of the bloom, where the coordinates represent different oxide types (either from pure oxide or from oxide core of the duplex inclusions) observed within the studied areas for the as-cast and deformed bloom and for the heat treated specimen 2 . Figure 6 shows ternary diagrams for the sub-surface, 30 mm into the bulk and central area of the bloom, where the coordinates represent different oxide types observed within the studied area for the cast and deformed conditions and Figure 4 shows percentages of different oxide types for these specimens in bar-chart form. These two Figures show that in specimens taken from the sub-surface area, the oxide particles become more SiO 2 rich after deformation. Comparison of ternary diagrams for the sub-surface, 30 mm below the surface (quarter bulk) and the bulk area of the bloom in Figure 6 shows an opposite trend in chemical composition after hot deformation for quarter bulk and bulk compared with sub-surface area: Unlike the sub-surface regions, after hot deformation oxide inclusions become leaner in SiO 2 . Figure 4 also gives the proportion of different oxide types for specimens taken from sub-surface, 30 mm below the surface and the bulk of the bloom. Figure 7 shows the ternary diagram comparing three different conditions, namely ascast, heat-treated and deformed, for a specimen from the sub-surface area (AAE). The figure 7 shows a trend of oxides changing towards higher SiO 2 after heat-treatment and hot deformation.
It is worth mentioning that it was shown that there is a microsegregation of Si and Mn in the as-cast bloom where the maximum occurred in the DE and DM areas ( Figure 8 ) 4 . The data would thus suggest that oxide inclusion formation in the continuously cast steel of this study was controlled by differences in the concentrations of Si and Mn in the melt between the surface areas and the bulk of the solidifying bloom; although this wasn't significant. Therefore, it is fair to say that the not-significant differences in general microsegregation level, if not controlling, could at most have a contributory effect to the oxide inclusion formation.
Looking at detailed oxide analysis of different specimens (refer to Table 4 in Ref.
2) revealed that compared with the cast steel, in the deformed steel there are content variations within oxide species depending on their location. This variation has been summarized in Table 2a . Size, morphology and number of inclusions Table 3 summarises the data for number, size (given by the average diameter parameter (ADP) calculated as the diameter of a circle with the same area as the inclusion), aspect ratio (calculated as the ratio of maximum dimension to the minimum dimension of each individual particle 5 and area of inclusions for different areas of the bloom before (i.e., cast) and after hot deformation (compression test). Figure 9 shows the size distributions of inclusions in different areas of the bloom before (i.e., cast) and after hot deformation. The data for cast and deformed specimens in Table 3 illustrates that the inclusions in the bulk of the bloom (EE and EM) were larger in size, ≈ 4 m on average, compared with specimens taken from the sub-surface area (AAE and AAM) that were ≈1 m on average.
Comparison of the ADP values for the cast and deformed specimens shows an increase of ADP after hot deformation for each specimen. Table 3 also shows that in the majority of specimens the oxides exhibited the lower aspect ratio, which means that their morphology was more spherical, whereas the duplex inclusions had in most cases the highest aspect ratio among different types of inclusions in each specimen.
This is in agreement with previous observations in which following homogenisation treatment at 1300°C in an AISI 4340 low alloy steel, number of sulphide inclusions decreases after reaching a maximum; however the length of these sulphide inclusions followed an opposite trend 6 .
Regarding the numbers and %areas of inclusions in the deformed steel, the total number of inclusions decreased from sub-surface to 30 mm below the surface but not in the bulk. The number of sulphides decreased from sub-surface to 30 mm below the surface and then increased towards the bulk. The number of oxides decreased in the sub-surface area and increased from 30 mm to the bulk. The duplex oxides exhibited exactly the opposite trend compared with the oxides. The %area of sulphides generally decreased between sub-surface and 30 mm below it and then increased towards the bulk, however, in the cast steel the trend in the % area of sulphides was to decrease towards the bulk. The %area of duplex inclusions increased from the sub-surface to 30 mm below it and then decreased to the bulk, but in the cast steel the trend in the % area of duplex inclusions was to decrease towards the bulk. The % area of oxides decreased between sub-surface and 30 mm below it and then increased towards the bulk, but in the cast steel the trend in the % area of oxides was to decrease towards the bulk. It is worth noting that the statistical data for % area in the bulk comes from few large inclusions; whereas in sub-surface, for example, data are collected from significant numbers of smaller inclusions.
Changes in chemistry
The data in Figures 3 to 10 and Table 3 presents a very complicated picture for the changes experienced by the oxide type inclusions between the cast and deformed conditions. Deformation resulted in changes in total numbers and numbers of different types of inclusion, percentages of inclusion types, size and distribution and aspect ratio and %area of inclusion types, and was also accompanied by changes in chemistry and phase transformations in inclusions. There were also small differences between heat-treated and deformed specimens, which would suggest that both temperature and strain energy were responsible for the changes demonstrated by the data in Figures 3 to 7 and 9 to 10 and Table 3 .
It is known that in Si rich ferrous melts Mn oxides will be substituted by Mn silicates owing to the high solubility of Mn in liquid silicates 7 . This would explain the high level of Mn silicates in this steel which had ~ 0.25 wt% Si. Decomposition of glassy inclusions and precipitation of crystalline silica is also possible, as reported for the heat treatment of a low carbon steel (0.002-0.01C-0.24Mn-0.035Si) at 1100°C (homologous temperature 0.86) for up to 5hr (Ref. 8) which could be attributed to the extension of the liquid miscibility gap in the MnO-SiO 2 system below the equilibrium solidus temperature into the supercooled liquid 7 . Our data would also suggest crystallisation of glassy inclusions in this steel ( Figure 3 ) and the latter occurred over very short period of time. Figure 11 shows a TTT diagram for the crystallisation of glassy synthetic anorthite 9 . It shows that at about 1150°C crystallisation starts after about 90 s. The rate of crystallisation (time to the nose of the TTT curve) is very sensitive to the composition of inclusions. For example, it has been reported that an increase from 0 to 7% in MgO content in a CaO-Al 2 O 3 -SiO 2 mixture resulted in a significant increase in the rate of inclusion crystallisation at 1100 °C (crystallisation started in a shorter period of time) 10 .
Change of the chemistry of oxide inclusions in a low carbon steel (0.002-0.01C-0.24Mn-0.035Si) as a result of exposure to elevated temperatures was also observed by Robinson [8] who provided evidence showing devitrified glassy Mn silicate inclusions after heat treatments for 5hr in the range 925 to 1275 °C. His results showed that mainly silica based particles were precipitated after such 5 treatments. This is in agreement with the results presented in Tables 2a and 2b and Figure 5 where an increase in high silica (SiO 2 content) in sub-surface area is observed as a result of exposure to heat treatment and/or hot deformation. Robinson also reported that glassy silicate inclusions crystallised during soaking time or hot deformation 8, 11 . (Figure 4) , the MnO to SiO 2 ratio within the Mn silicate constituents decreased after hot deformation.
The oxide inclusion types present in the steel of this study belong to multi-component oxide systems. Figure 12 shows the ternary Figure 12b shows that Mn silicates, for example tephroite and rhodonite (see above), are also in the desirable region.
In the bloom there were changes in the composition and percentages of inclusions after heat treatment and hot deformation. For example, in specimen AAE the percentages of pseudo-wollastonite and spessartite increased after heat treatment ( Figure 5 ).
Comparison of the cast and deformed specimen AAM shows that after hot deformation the percentages of pseudo-wollastonite, spessartite, anorthite and Other increased at the expense of Mn silicate type (Figure 4 ).
Comparison of Figure 12 with Figures 6 to 7 shows that the inclusions in the bloom were mainly located in low oxidic liquidus temperature regions meaning that the heat treatment and hot deformation occurred at high homologous temperatures T/T L , in other words under conditions of high diffusivity. Thus, it is suggested that the reported changes in size, number and chemistry of inclusions were influenced by crystallisation reactions and by inclusion coarsening and dissolution phenomena, with the latter driven by increased diffusivity and reduced diffusion distances in the deformed microstructures.
To estimate the diffusion readiness of elements within and around the inclusions, a simple model is used where for the self-diffusivity of austenite γ iron a constant factor F is introduced for each substitutional element:
/s and T is in Kelvin [13] [14] . Table 4 summarises the values for constant factor (F) and the characteristic diffusion length ( √ ). The data shows that the typical oxygen diffusion length is nearly 25 and 62 microns compared with 7 and 13 for sulphur at the studied temperatures, (1050 and 1150°C, respectively) which would suggest faster kinetics for diffusive adjustment of composition with the matrix or indeed interaction between oxide inclusions, compared with sulphides. The majority of inclusions are in the range of 1-2 micron and diffusion within them should not be too problematic (as witnessed by the devitrification of some oxides into more than one phase, necessarily accompanied by internal diffusion).
Regarding the percentages of inclusions in the deformed steel, in the sub-surface area only the Other inclusion type increased, however, the Other inclusion type did not increase after the heat treatment. The reduced diffusion distances due to hot deformation and the increased diffusivity would be expected to encourage phase transformations, namely precipitation, crystallisation (see above) and coarsening. In the sub-surface areas there were major changes in high silica, 
CONCLUSIONS
The effect of heat treatment and hot deformation on size, size distribution, distribution and chemistry of non-metallic inclusions in an as-cast high carbon steel was investigated using Gleeble compression simulator at temperature range 1050-1150°C and strains 0.3 and 0.7 at strain rate 1/sec. After hot deformation oxide inclusions which were classified into 11 sub-groups showed changes in chemistry.
These changes were different in various locations of the bloom; in sub-surface areas high silica type became dominant phase, at the expense of a reduction in Mn silicates whereas in specimens taken from 30 mm in-depth toward the centre and centre of the bloom an increase in percentages of pseudo-wollastonite and 20% alumina valley was observed. In addition, heat treatment at 1150°C showed that the thermal cycle alone altered the chemical composition of the inclusions; one of the most prominent changes was precipitation of SiO 2 which was also reported in an earlier work by Robinson 8 . Differences in chemistry of oxide species in different locations of bloom, after heat treatment and hot deformation occurred at high homologous temperatures T/T L , were attributed to reduced diffusion distances due to hot deformation and the increased diffusivity encouraging phase transformations, namely precipitation, crystallisation and coarsening of the inclusions. In addition different micrographs evidencing devitrification of oxide inclusions including different manganese silicates were presented. In terms of sizing of the oxide inclusions, quantitative results showed that the number of oxides per unit area and the average diameter of oxides respectively decreased and increased with increasing distance below the slab surface (or decreasing cooling rate). This suggested that the number and size of inclusions were influenced by solidification condition, crystallisation reactions and by inclusion coarsening and dissolution phenomena, with the latter driven by increased diffusivity and reduced diffusion distances in the deformed microstructures. Table 1 : Details of the studied specimens and experimental conditions: The prefixes "W" and "H" respectively denotes deformed condition, (e.g. WAAE deformed specimen AAE). Table 4 . Diffusivity data employed in this work; T and t are considered to be 1050 and 1150°C and 30s. b)
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